Introduction
The local defect-related leakage current of conventional nonvolatile memory devices can be reduced significantly by replacing the continuous floating gate with discrete nanocrystals (NCs). Compared to conventional floating gate memories, NC based devices provide larger memory windows, longer retention times, lower operation voltages and an enhanced scalability. Therefore, semiconductor or metallic NCs embedded in dielectric matrices have been widely investigated (1) (2) (3) (4) (5) (6) (7) . The NCs can be synthesized in dielectric matrices by various vapor deposition approaches (7, 8) , ion beam synthesis (4, 5) or magnetron sputtering (3, 6, 9, 10) . Ge-NCs could be fabricated successfully by ultra-high vacuum chemical vapor deposition, Ge ion implantation and co-sputtering followed by high-temperature annealing (7, (9) (10) (11) (12) .
In contrast to Si-NCs, Ge-NCs are considered to be ideal nodes for memory devices. This is due to the smaller band-gap, the superior carrier mobility, the higher exciton Bohr radius and the lower crystallization temperature. Additionally, Ge offers a negative conduction band offset with respect to the Si substrate, which is expected to improve the retention time. It has been shown that memory devices based on Ge-NCs embedded in SiO 2 (10) or high-k dielectrics (9, (11) (12) (13) (14) provide a larger memory window than devices based on Si-NCs.
High-k gate dielectrics offer the chance to reduce the equivalent oxide thickness without degrading the non-volatility and thus are promising to replace the conventional SiO 2 (9, 15) . HfO 2 and ZrO 2 are great candidates due to their unique band asymmetry with respect to the Si substrate and their lower electron barrier height. The latter allows larger tunneling currents during the programming regime by using lower programming voltages (16, 17) . In spite of the promising properties of high-k dielectrics, Ge-NCs embedded in HfO 2 or ZrO 2 have attracted attention just recently (9, (12) (13) (14) .
First principles calculations predicted that the dielectric constant of HfO 2 can be increased significantly by Si and/or Ge doping (18) . It has been shown that Si impurities improve the thermal stability of ultrathin HfO 2 films (9,15) and, furthermore, allow the successful formation of Si-NCs and their use for memory applications (6) .
Despite of the relatively simple deposition of ZrO 2 and HfO 2 by magnetron sputtering, only a few teams worked with such layers (19, 20) . After optimizing the deposition and annealing conditions, it was shown that Al/HfO 2 /HfGeO/HfO 2 /p-Si/Al structures with Ge-NCs embedded in HfO 2 reach a memory window of up to 7 V. Recently, promising properties were also shown for sputtered Ge-ZrO 2 structures (20) . However, the structure and properties of ultrathin films depend strongly on the deposition and annealing conditions.
In this work, thin films of pure Ge and ZrO 2 , Ge-doped ZrO 2 composite layers (GeZrO 2 ) and [Ge-ZrO 2 /ZrO 2 ] 40 multilayers were fabricated by radio frequency (rf) magnetron sputtering. It is presented how the deposition and annealing conditions affect the film properties and the phase separation. This information can be used to synthesize Ge-NCs in a ZrO 2 matrix and should point the way to build Ge-NCs based nonvolatile memory structures.
Experimental details Sample fabrication
Radio frequency (rf) magnetron sputtering with a confocal arrangement of 3 inch targets (Ge, ZrO 2 and SiO 2 ) was used in top down approach (Fig. 1 left) to deposit thin single layer films of Ge, ZrO 2 , Ge-doped ZrO 2 (Ge-ZrO 2 ) and [Ge-ZrO 2 /ZrO 2 ] 40 multilayers. All films were deposited at room temperature on a rotating (15 rpm) p-type Si-substrate (6 inch) covered by a 5 nm thick thermal oxide (SiO 2 interfacial layer) using Ar plasma. Pure Ge layers were sputtered with rf power densities (RFP Ge ) ranging from 0. Multilayer structures [Ge-ZrO 2 /ZrO 2 ] 40 with different Ge content were deposited to study the phase separation and the Ge-NCs formation precisely (Fig.1, right) . The thickness of the Ge-doped ZrO 2 and pure ZrO 2 sublayers was fixed at 5 nm. To prevent an outward diffusion of Ge atoms during annealing, all structures were covered by a 20 nm thick SiO 2 capping layer that was sputtered in the same deposition unit.
To modify the optical and structural properties, rapid thermal annealing was performed for 30 s in nitrogen flow at temperatures ranging from 500 to 900°C.
Sample characterization
Spectroscopic ellipsometry, Raman scattering and Fourier transform infrared spectroscopy was used to characterize the samples in dependence on the deposition and annealing conditions. Spectroscopic ellipsometry is a fast, sensitive and non-destructive method for thin film characterization and can be easily integrated into semiconductor processing (21, 22) . All data were collected with a SOPRA GE5E ellipsometer using an incident angle of 75° and a spectral range of 1.5 to 5.0 eV. The spectra consist of the measured ellipsometric angles Ψ and ∆ that are defined by the fundamental equation of ellipsometry
where p r and s r are the complex reflection coefficients for parallel and perpendicular polarized light, respectively. The spectral dependencies of Ψ and ∆ can be fitted by appropriate modelling approaches. Based on the best fit between experimental and simulated spectra, the film thicknesses, the optical constants (refractive index n and extinction coefficient k), the surface roughness and the film densities can be extracted. To analyze the ellipsometry data, the Fresnel coefficients of the samples were calculated using an optical four-layer model consisting of the silicon substrate, the SiO 2 interfacial layer, the amorphous deposited layer (pure Ge, pure ZrO 2 , Ge-ZrO 2 ) and a surface roughness layer that is composed of a mixture of void space and deposited layer. Each component was described by the corresponding optical constants and the layer thickness (d). For the silicon substrate and the SiO 2 interfacial layer the optical constants were taken from reference (23) . For pure Ge and Ge-doped ZrO 2 composite layers with high Ge content, the optical constants were described by a Tauc-Lorentz model, whereas for pure ZrO 2 layers and Ge-doped ZrO 2 layers with little Ge content the optical constants were described by the Cauchy model. Both models describe the complex refractive index ik n n + = . The Cauchy model is usually used for dielectrics and semiconductors in the transparent region, whereas the Tauc-Lorentz model is valid for the optical constants of amorphous semiconductors in the transparent and interband transition region (24) .
To obtain information about the microstructure and the chemical composition of the samples, Fourier transform infrared (FTIR) spectra were measured in the range of 380-4000 cm -1 using a Bruker infrared spectrometer (Tensor 27).
The formation and crystallization of Ge phases were characterized by Raman scattering. The spectra were detected in the 50-600 cm -1 spectral range using a Labram HR 800 spectrometer (Horiba Jobin Yvon, France) with a thermoelectrically cooled CCD detector. The spectrometer was equipped with gratings of 1800 grooves/mm. Raman scattering was excited using the 532 nm (2.33 eV) line of a frequency-doubled Nd:YAG laser. The linearly polarized laser beam was focused on the sample surface by means of a 100× Olympus microscope objective (numerical aperture 0.80) with a long working distance. In order to avoid laser-induced heating or thermal decomposition of the samples the applied laser power was carefully adjusted by a filter and kept very low (0.4-0.5 mW). The scattered light was collected in backscattering geometry by the same microscope objective. Its polarization was not analyzed allowing both parallel and perpendicular components to be detected simultaneously. All measurements were performed at room temperature.
Results and discussion

Spectroscopic ellipsometry data
To find optimal conditions for the deposition of homogeneous and smooth films, the properties of pure Ge, pure ZrO 2 and Ge-doped ZrO 2 single layer films were first investigated by spectroscopic ellipsometry. Increasing the rf power densities for ZrO 2 single layers (from 2.0 to 3.3 W/cm 2 ) leads to a slight increasing refractive index (from 1.94 to 1.97), which can be attributed to a densification of the films (see also Table I ). However, even ZrO 2 films deposited at the highest investigated power have a refractive index which is far below the one expected for bulk ZrO 2 . It is well know that, due to the well crystalline structure and the existence of a long-range order, the refractive index of bulk materials is higher than that of amorphous materials (26, 27) . However, one cannot exclude the presence of some pores that decrease the refractive index of the sputtered ZrO 2 films. For both, sputtered Ge films and bulk Ge, the refractive index increases towards lower-energies. The absence of critical points in the dispersion law of the sputtered Ge films (Fig.1b) in contrast to the dielectric function of crystalline bulk Ge (Fig.1a) proofs their amorphous nature. Fig. 3 shows the refractive index and the absorption coefficient of sputtered single layer Ge-ZrO 2 composite films for different rf power densities applied to the Ge target. For higher Ge power densities, the absorption coefficient and the refractive index increases significantly, which proofs the rising Ge content in the composites. The amount of Ge in the composite films can be estimated by an effective medium approximation (EMA) (28) (29) (30) . It supposes that the macroscopic properties of a medium are based on the properties and the relative fractions of its components. There are several EMA models (Bruggeman (29) , Maxwell-Garnet (30), etc.). All consider the macroscopic system as a homogeneous medium with a correlation length below the Lorentz cavity radius. Typical for all mean field theories is that they fail to predict the properties of a multiphase medium close to the percolation threshold due to its long-range correlation length. The most considered parameters are the conductivity and/or the dielectric constant (25) .
In this work the Bruggeman effective medium approximation (BEMA) was used to estimate the amount of Ge in the composite films. It is defined by (29) [3] where ε i and v i are the complex optical dielectric function and the volume fraction for the i-th component, respectively. ε is the effective dielectric function corresponding to the measured value of the film. Considering the composite film as a mixture of pure Ge and pure ZrO 2 phases, the variation of the Ge content in the films can be calculated versus the applied RFP Ge by using equations 2 and 3 and is displayed in Table I . Different rf power densities applied to the Ge target (while keeping the power density at the ZrO 2 target constant) allow to adjust the Ge content over a wide range. However, it is worth to note that the films were considered as Ge x (ZrO 2 ) 1-x , which means that they consist of pure Ge and ZrO 2 phases. Thus the formation of Ge oxide could not be considered. Since the refractive index of Ge oxide is less than that of pure ZrO 2 and pure Ge, this fact should result in a decrease of the effective refractive index of Ge-doped ZrO 2 films, which leads to an underestimation of the Ge content.
Raman scattering and FTIR data
As-deposited samples. The effect of the Ge content on the structural properties of the samples was investigated by Raman scattering and FTIR.
It is known that Ge phonons are observed at about 299.6 cm -1 (TO Γ ), 281. (TA X ) and 60.7cm -1 (TA L ). Their spectral positions and full-widths depend on the material structure. The transition from the crystalline to the amorphous state leads to a significant broadening of these peaks up to their overlapping. In most cases, amorphous materials show a shift of all bands towards lower wavenumbers and, due to their overlapping, only peaks at about 275 cm -1 (TO), 200 cm -1 (LO-LA) and 80cm -1 (TA) can be seen (31) . Thus, one can expect several peaks in the range of 50-400 cm -1 corresponding to TO, LO, TA and LA phonons of pure sputtered Ge films.
Pure bulk ZrO 2 demonstrates 18 bands for the monoclinic (m) phase and 6 phonons for the tetragonal (t) phase. The most intense ZrO 2 bands in the range of 150-400 cm (32) . When ZrO 2 approaches the nanoscale and/or the amorphous regime, these peaks show a broadening and a significant overlapping.
The Raman scattering spectrum of as-deposited pure Ge films shows a broad peak at 270-275 cm -1 which appears due to Ge-Ge vibrations (Fig. 4a) . A similar band was observed for Ge-doped ZrO 2 films (see also Fig. 4a ) and [Ge-ZrO 2 /ZrO 2 ] 40 multilayers (Fig. 4b) . However, for the latter, Ge-related bands are shifted to lower wavenumbers (265-268 cm -1 ) with respect to the peak position of the Ge-Ge TO bands of pure Ge films (270-275 cm -1 ), which can be attributed to pronounced disordering of the Ge phases in the composite films. Moreover, all composite films show an additional broad band at 205-220 cm -1 , which intensity increases with decreasing RFP Ge (Fig. 4a ). Based on the spectra in Fig. 4a , it can be concluded that this band is caused by the increasing contribution of the ZrO 2 phase. This assumption is supported by the Raman scattering spectra of the multilayer structure (Fig. 4b) , where the contribution of the peak at about 220-230 cm -1 is more pronounced. Compared to the spectra of composite films, for multilayer structures this peak shifts towards higher wavenumbers, which is due to the higher amount of ZrO 2 . Thus, it can be concluded that the most intense broad peak at 265-270 cm -1 is due to the Ge-Ge TO band, whereas the signal at 205-220 cm -1 is due to the overlapping of Ge and ZrO 2 bands. Since the intensity of this peak increases with an increasing ZrO 2 content, it is obvious that the main contribution to this peak is given by the ZrO 2 phase.
Annealed samples. Annealing results in narrower peaks and a shift of the Ge-Ge TO band from 265 cm -1 to 299 cm -1 (Fig. 5a ). The intensity of this peak increases significantly for higher annealing temperatures (650 °C to 800 °C), testifying the crystallization of the Ge phase. Besides, the peak at about 200-210 cm -1 that is seen for some samples can be attributed to tetragonal ZrO 2 . The presence of tetragonal ZrO 2 can be confirmed by FTIR spectra measured for the same samples (Fig. 5b) . Note that the SiO 2 capping layer does not affect the Raman scattering spectra of the multilayers. The transformation of the FTIR spectra with the annealing temperature reflects the evolution of the samples' microstructure upon such treatment. It is worth to point out that pure ZrO 2 films show their main vibration band in the range of 380-780 cm -1 . For amorphous films, this band is broad and featureless.
A vibration band occurring at about 770 cm -1 could be seen as an evidence for the formation of monoclinic ZrO 2 phases. Since this peak was not detected (neither for asdeposited nor for annealed films), it can be concluded that the ZrO 2 phase crystalizes in the tetragonal phase upon annealing treatment. As one can see from Fig. 5b , the films are amorphous only for T A <700°C. After increasing T A to 800°C, the band at ~460 cm -1 corresponding to Zr-O vibrations can be observed.
The vibration band in the range of 1000-1200 cm -1 can be attributed to the SiO 2 interfacial layer and the capping layer. Since the interfacial layer was grown by thermal oxidation at 900°C, it should stay stable during RTA treatment at 600-800°C. Thus, the evolution of the 1000-1200cm -1 vibration band can be attributed to the microstructure transformation of the sputtered SiO 2 capping layer.
Taking the data obtained by Raman scattering and FTIR into account, it can be concluded that a phase separation process occurs during annealing, which leads to the formation and crystallization of Ge-NCs and tetragonal ZrO 2 phases. This effect is observed for both composite films and multilayer structures. Due to the fixed thickness of each sublayer in the multilayer structure, the size distribution of the ZrO 2 grains and GeNCs should be smaller compared to the composite layers.
It is worth to point out that the starting point of the phase separation process depends on the Ge-content in the composite films: A higher Ge content results in the formation and crystallization of pure Ge phases at lower temperatures (i.e. 600°C for films grown with RFP Ge =2.2 W/cm 2 ), whereas a lower Ge content results in the formation and crystallization of pure Ge phases at higher temperatures (i.e. 700°C for samples grown with RFP Ge =1.1 W/cm 2 ).
This structural evolution affects the electrical properties of the samples. It is expected that the formation of the tetragonal ZrO 2 phase will enhance the relative permittivity to about 25, while the amorphous and monoclinic phase have a relative permittivity of about 16. A similar effect was observed for Ge-doped HfO 2 grown by rf magnetron sputtering (19) . The electrical characterization of the Ge-doped ZrO 2 samples is the issue of further investigation.
Controlled formation of Ge-NCs in a ZrO 2 host is of interest for both photonic applications and fundamental research. The correlation between the Ge-NCs sizes and the energy of the emitted light is debated up to now. In order to distinguish different radiative channels (Ge-NCs, interface defects and ZrO 2 host defects) temperature dependent photoluminescence (PL) measurements can be performed using different excitation wavelengths. Further PL experiments are in progress to clarify the mechanism of PL emission and excitation of radiative centers.
Conclusions
Pure Ge and ZrO 2 films as well as Ge-doped ZrO 2 composite layers and [GeZrO 2 /ZrO 2 ] 40 multilayer structures were fabricated by confocal rf magnetron sputtering. The investigation of their structural and optical properties versus the Ge content and post fabrication treatment revealed that annealing at 500-900°C stimulates a phase separation process leading to the formation of pure nanocrystalline Ge phases embedded in tetragonal ZrO 2 . It was observed that the formation of Ge-NCs requires lower annealing temperature for samples with higher Ge content. This process can be optimized by tuning the deposition conditions and post-deposition annealing. These results can be used to fabricate fully high-k based non-volatile memory devices.
